Non-linear large deformation analyses have been conducted to evaluate the pedormance of the cab car corner and collision posts of the Federal Railroad Administration's (FRA) sponsored state-of-the-art (SOA) end frame design and the Bombardier M7 design under quasi-static and dynamic test conditions. Pretest analysis predictions of the dynamic performance of the SOA comer post closely match test measurements. A similar analysis of the comer post was performed on the M7 design, and the results compared with the SOA test and analysis results. Using this M7 model, analysis results for the quasi-static test of the collision post were developed, and compared with the test measurements. Up to the onset of material failure, the analysis results and test measurements closely agree. After the onset of material failure, the results progressively diverge. Overall, the crashworthiness performance of the collision posts of the SOA and M7 designs were found to be essentially the same, and the performance of the M7 corner post design was found to perform better than the SOA comer post design. This difference in performance comes from the sidewall support in the M7 design, which is not present in the SOA design.
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INTRODU CTlON
In support of the Federal Railroad Administration's (FRA's) Equipment Safety Research Program the Volpe National Transportation Systems Center is conducting analyses of cab car end h e designs subjected to offset collision conditions similar to those experienced at grade crossings.
North American commuter trains come in two categories. The first category of commuter trains is multipleunit (Mv) trains, where each car is self-propelled. The second category is push pull trains, where there is a locomotive at one end of the train, which pushes unpowered coach cars when operated into the city center, and pulls the coaches away from the city center. MU cars typically have cab cars at each end of the train, which has an operator's control stand. In a pushpull train, there is a cab car at the end of the train opposite the locomotive. Cab cars are more vulnerable during a collision due to their relatively light weight and lower underframe strength compared w i t h a locomotive. During an offset impact condition the cab car end frame is the only structure between the operator and the intruding object. It is vitally important that the end frame behave in a ductile manner absorbing some of the collision energy while maintaining sufficient space for the operator to ride out the collision.
Both the Federal govemment and the passenger railroad industry are aware of the dangers associated with cab car operations. To address these concems the FRA promulgated passenger equipment safety standards in May 1999 that covered end frame requirements as well as other crashworthiness related concerns [ 13. The American Public Transportation Association (APTA) also issued an industry standard in 1999 that included additional requirements on end frame designs [2] . These standards included both increased strength requirements for the cab car vertical end frame members -collision and comer posts as well as deformation requirements. The deformation requirements required that the end fmme vertical members must be able to sustain 'severe deformation' before failure of the connections to the underframe and roof structures.
In initial aaempts to apply the APTA standards to new equipment, the car builder; and the operating authorities w e unable to come to mutual agreement on an objective definition of 'severe deformation, ' and consequently were unable to agree if particular designs met what was intended by the standard. APTA subsequently removed the term 'severe deformation' from the standard text and re-issued it under a recommended practice until the technical issues associated with defming acceptable acceptance criteria could be resolved [3] . Full-scale impact test results have shown that cab car crashworthiness can be increased with requirements for severe deformation [4]. The FRA has requested the Railway Safety Advisojr Committee (RSAC) [5] to develop recommendations on passenger train crashworthiness, as well as recommendations on other passenger rail safety issues. The purpose of this paper is to summarize the work done to date of the technical information to make recommendations for regulations requiring the graceful failure of comer and collision posts of cab car end frames when overloaded.
This paper presents results obtained from quasi-static and dynamic full-scale testing on M7 collision post and on SOA corner post respectively as well as large deformation analysis in the post buckling regime of cab car end frame designs subjected to both strength based requirements as 4 1 as newly proposed performance based requirements. Two designs were studied in detail: an FRA-sponsored prototype state-of-the-art, SOA, designed to optimize severe deformation capability and retrofitted onto a Budd Pioneer passenger cab car and the Bombardier M7 cab car design currentlyin use by Long Island .Railroad and Metro North Railroad. Both designs complied with all applicable Federal regulations, [l] , and APTA standards, [ 
23.
The -organization of the -paper is as follows: first the motivation for the study is presented; followed by the discussion of the full-scale quasi-static "mock-up" test of the M7 collision post and FE analysis of.the comer post loading;
next the full-scale dynamic grade crossing test of the SOA corner post is discussed; the results from comparative analysis of both designs are discussed; and finally a summar;l of the key findings is discussed.
-MOTIVATION FOR CAB CAR END FRAME DESIGN
STUDY
The use of cab cars subjects the operator to risk in the event that the cab car strikes an object that fouls the train's rightafway, ROW. An example of such a collision occurred in Portage, Indiana in 1998 where a Northern Indiana Commuter Transportation District (NICTD) train with a cab car in the lead position struck a tractar-tandem trailer carrying steel coils stuck on the grade crossing [6]. Figure 1 shows an exterior view of the cab car, an interior view of the cab car, and a picture of the steel coil that penetrated through the end fiame into the passenger compartment. In this accident the cab car impacted the steel coil centered on one collision post. The collision post failed and allowed full penetration into the interior of the passenger car. There were subsequently several injuries and three fatalities zssociated with bulk crushing of occupants by the coil.
The roof attachment and the post itself apparently failed with very little deformation of the post. Additional examples of incidents where the end frame was engaged and a loss of operator survivable volume ensued are: the 1975 Yardley, Pennsylvania collision between a cab-car-led commuter train and a tractor semi-trailer carrying coils of steel [7] , the 1996 Secaucus, New Jersey collision betwen a cab car led consist with a locomotive led consist at a switch [XI, the 1996 Silver Spring, Maryland collision between a cab car led consist with a locomotive led consist at a switch [9] , and the recent 2004 Metro North collision of a cab car led consist with a crane fouling right-of-way.
It should he noted that these impacted car designs only satisfied the minimum FRA requirements and not the present APTA standards for strength and attachment requirements.
Although tlle speeds associated with some of these events ate greater than what can be protected against, they serve as indicative loading conditiom against which enhanced designs can improve performance.
M7 CAB CAR QUASI-STATIC FULL-SCALE SUB-

ASSEMBLY TESTING
Bombardier conducted a series of qualifying quasi-static tests on a mock-up front end structure of an M7 cab car. In total, four tests were conducted on the front end structure: a 100,000 lbf load applied longitudinally on the corner post at I8 inches above the top of the end sill, a 100,000 Ibf load applied transversally on the comer post at 18 inches above the top of the end sill, a load up to the elastic limit of the collision post applied longitudinally at a distance 30 inches above the end sill, and an ultimate load case applied 30 inches above the end sill. The first three loads were elastic in nature and the last load case was designed to evaluate the large deformation collapse response of the collision post.
The mock-up test article was developed for the F-end of an M7 cab car. The first 19.25 feet of the car was fabricated with great fidelity between the car's body bolster and the extreme most fiont end. The mock-up contained all structural elements, but did not contain the corner post rub plates, the plymetal floor, any interior finishing, windows, doors, bonnet, etc. The mock-up test article was installed in the testing bay and supported vertically in 4 locatioris along the side sills. The supports were located at the rear of the mock-up and 70 inches behind the end sill, The longitudinal supports were located at the rear of the mock-up at the side sills and the roof rails. In addition the mock-up was restrained laterally at each comer for stability reasons against the jig longerons. Figure 2 is a schematic of the test set-up used.
Four 500,000 Ibf load cells were situated at the rear longitudinal support positions to measure the loads. A 400,000 lbf hydraulic jack was used to input the longitudinal load into the collision post over a bearing plate that helped to distribute the load. The bearing plate dimensions were 10 inches wide by 4.75 inches high by 1.5 inches thick. The increased width of the bearing plate was to prevent a bearing failure of the collision post outermost flange. Five LVDT displacement transducers were used to measure the collision post deflection at the following heights above the end sill: 1 inch, 5 inches, 30 inches, 42 inches, and 82 inches.
In addition to the displacemnt transducers, 100 strain gauges were placed at various positions on the structure to measure the load path through the carbody frame including on the following key structural elements: the collision post, the corner post, the intermediate shelf structure that ties the collision post to the corner post just below the window, the anti-telescoping plate, and various additional longitudinal members.
All instrumentation was calibrated prior to each test.
The load was ramped up slowly through a number of load increments. The strains and the load deflection characteristics were checked for noklineanty to establish the elastic limit. After the elastic limit was reached, the load was recorded at increments where the deflection increased by 0.5 inches. This process was continued until the collision post was able to sustain a load greater than 200,OO Ibf.
The metrics used to determine whether the test was successhl are:
For linear elastic behavior, the force deflection characteristic can not vary from a linear relationship by t/-5% with one point taken at the origin and the second the maximum load recorded For the linear elastic behavior, the strain plotted against the load can not vary from a h e a r relationship by +/-5% with one point taken at the origin and he second the maximum load recorded Residual strains on key structural elements must be less than 100 p~ after removal of the maximum elastic load The ultimate plastic load must be greater than 200,000
Ibf
The maximum deflection at the ultimate plastic load must be greater than 50% the depth of the collision post The connections between the collision post and all strucnrral members must not be broken (that is experience material failure where compkete separation of attachments occur)
The results from the linear elastic testing indicate that the collision post's elastic limit is reached when the load reaches 143,700 Ibf for the load applied at 30 inches above the end sill distributed over the bearing pad. A series of strain gauges was used to determine whether the collision post material on the tension flange near the load application point exceeded the material's yield strength. Strain gauges were located around 32 inches above the end sill. Additional strains were reviewed at other locations on the collision post as well as on the end sill and the anti-telescoping plate. The post was constructed from an A710 material and the actual matenal's yield strength was used. Both the load deflection and strain load plots remained linear within the allowable range defined up to this load level. The maximum deflection in the collision post before yielding occurred at the LVDT positioned at 42 inches above the end sill. The deflection was 0.334 inch. As expected, this deflection occurred in an area of the collision post where the shear reinforcement ends.
The results from the ultimate plastic load application at 30 inches above the end sill are shown in Figure 3 . This is a plot of force deflection where the maximum load of 365,150 Ibf is reached at a deflection of 1.23 inches. The force level subsequently softens and the load was removed from the structure at 7.0 inches of crush with the load at 21 1,000 lbf. The same deflection gauges were used for the linear elastic test and the maximum deflection, 8.5 inches, occurred at the 42-inch height on the post. The load deflection is shown in Figure   3 . The post-test inspection did show some material failure occurring in various components. Some failure occurred in the collision post at 42 inches above the end sill in the tension flanges and the compression flanges experienced significant plastic flow. This is where the central hinge forms under this loading condition.
Additionally there were plastic deformations at the load application area. Progressive fracture occurred at the base of the collision post during later stages of deformation, which resulted in the termination of the test for safety reasons.
The structural sklf broke at its connection with the collision post. The decision was made to reinforce the connection for production end frames, to reduce the likelihood displacements o f the suspensions, the displacement of the . of the connection failing under such load conditions. The comer post, and the strains in selected structural members. The bulkhead sheet pulled out the end sill top plate. In addition the coil was instrumented to measure the three dimensional end sill bottom flange buckled between the collision post and accelerations including the yaw, pitch, and roll. On-board and the end sill end plate. Finally, the anti-telescoping plate was wayside high-speed film and video cameras were used to record pulled down 3 inches. Figure 4 shows several views of the the impact. Details of the instrumentation requirements for the final deformed shape of the collision post. test are in 1131. A locomotive was used to push the cab car up 
SOA CAB CAR DYNAMIC FULL-SCALE TESTING
The full-scale grade crossing impact tests were conducted as part o f a series of crashworthiness tests of passenger rail equipment. The overall objective of this series o f tests is to evaluate incremental improvements in the crashworthiness performance of modem corner post designs when compared against the performance of older designs [IO, 11, 121 . The grade crossing tests were designed to address the concern of operator vulnerability to bulk crushing ,resulting from offsedoblique collisions where the primary load resisting structure is the end frame design. Two grade crossing tests were conducted in June 2002 and in both tests a single cab car retrofitted with an end fmme design impacted a steel coil resting on a frangible table at a nominal speed of 14 mph [ 13, IS]. The 40,000 lbf steel coil was situated such that the coil impacted the corner post of the cab mr above the end sill. Figure 5 is a schematic of the grade crossing test. Figure 6 shows a photograph of the test setup for the developed prototype SOA end f i m e design. The car was instrumented to measure the accelerations of the carbody, the
Elevation View . Figure 5. Schematic of Grade Crossing Colision Test
Test Set-Up for SqAEnd Frame Design
The results from the prototype SOA end fiame testing is that the crush was restricted to less than 12 inches of inward deformation thereby preserving space for the operator to safely ride out the collision. The incremental increase in safe closing speed as compared to the minimum FRA design also tested is from 11 mph to 15 mph. A post-test photograph of the SOA cab car is shown in Figure 7 . Atthough there is so& material failure present, no connections have fully failed for a crush distance just less than 9 inches. In the test, the corner post acted largely as a fixedpinned beam that is overloaded. A plastic hinge formed early in the test near the center of impact. As the test progressed, the comer post bent into a 'V,' which put a significant tension load on the comer post. Both the upper and lower attachment of the comer post had to support the shear load from the coil and the tension load due to the bending of the beam. The end beam did not visibly plastically deform, and so the floor attachment acted as a fixed connection. The anti-telescoping plate and the cant rail did deform downward, and consequently the roof connection of the comer post acted as a pinned connection.
frototype SOA End Frame Design
Materia1 failure occurred in the SOA end frame design test at the connection of the corner post to the end beam, at the attachment of the anti-telescoping plate to the cant rail, and at the attachment of the lateral member/ shelf to the collision post. The areas where failure occurred are visible in Figure 7 . The failure at the base of the comer post progressed nearly the full depth of the post. The material failure that occurred at the antitelescoping connection with the cgnt rail was in the region of a weld. The last area with material failure is at the connection point of,the bulkhead sheet d t h the lateral memberkhelf and the collision post. The failure proceeded from the outside of the car inward and then downwards between the collision post and bulkhead sheet weld.
The unfiltered force crush characteristic determined for the comer post lesponse is depicted in Figure 9 . The force was obtained by using the resultant acceleration obtained using the 9 accelerometer array on the steel coil and multiplying this value by the mass of the coil. The required load level at 18 inches above the end sill is 100,000 Ibf without permanent deformation. The bending moment generated by the steel coil load is much higher and occurred in the plastic domain. The peak load resisted is approximately 275,000 lbf. This load level occurred at 6 inches of inward deformation. The greatest crush distance measured was 9.5 inches, but the final crush distance measured was 8.5 inches. The comer post experienced some elastic recovery upon rebound of the coil, 
COMPARATIVE NUMERICAL RESULTS
Prior to conducting the full set of collision scenarios of concem on both the prototype SOA and the M7 cab car end fkame designs a number of comparative analyses were conducted of the yasi-static and dynamic tests to determine the fidelity of the models used. Once the models were compared against test conditions the offset grade crossing scenarios were investigated with a rigid coil being impacted centered on either the collision or corner post above the end sill for both designs. The details of the two models are'discussed in the Appendix. 
M7 Quasi-Static Model and Test Results
The results from the quasi-static large deformation plastic load application of the collision post of the M7 cab car are in good agreement with the deformed shape observed during the test. The model captures the deformation modes of the key structural elements that make up the integrated end frame very well. The model is also capable of predicting those areas where it is expected that material failure will occur. 
Area and Central Plastic Hinge
Using nominal material properties for the end frame components resulted in under estimation of the test results. The nominal properties were increased by ten percent to better capture the peak force at the appropriate crush distance and the overall force crush trend for the full crush distance. There is good agreement with the force crush characteristic prior to post-buckling softening. For larger crush distances, the model tends to over predict the force levels exhibited by the structure, but the trend is maintained. The force c m h characteristic is depicted in Figure 12 . It has been shown that the variation in the peak force derived from test measurements can be as much 
SOA Dynamic Model and Test Results
The same pre-test model was used for the prototype SOA design that is discussed in more detail in 1151. Figure 13 depicts a comparison of the deformation sequence observed in the full-scale grade crossing test with the predictions using the pre-test finite element model. The pretest model had excellent agreement both with the force crush characteristics measured but also with the modes of deformation and failure. Figure 14 depicts the comparison of the force crush characteristics measured and predicted. This model was considered sufficiently validated that it can now be used directly in running the offset grade crossing collision scenarios.
m
Figure 13. Comparison of PreTest Model Deformation Sequence with Observations from FulCScale Grade Crossing Corner Post Impact Test
Having established the fidelity of the two models to a certain level, the dynamic performance of the two designs is now compared. The purpose of these catculations are to understand the modes of deformation of the individual components loaded and the reaction of the load through the attachments, predict where material failure initiation should occur, and compare the force crush characteristics. 
Figure 14. Comparison of Pre-Test Model Predictions and Measured Force Crush from the FuU-Scale Grade Crossing Corner Post Impact Test
The collision scenario defined is that of an offset loading condition where a moving cab car strikes a rigid steel coil. The choice of a steel coil as an impacting object stems from the desire to establish the inherent capacity of the end frame design. Using a deformable impacting object adds the complication of accounting for energy absorption of both the end fiame design as well as the impacting object. The coil is situated such that the impact is centered on either the collision post or the corner post two inches above the bufferlend beam.
The steel coil weighs 41,300 Ibf. The diameter of the steel coil is 62.5 inches and the length of the coil is 52 inches. Detailed model descriptions are in the Appendix.
The discussion will start with the results from the prototype SOA end frame design. The performance of the corner post behavior to this impact loading condition is described in more detail in [13, 15] and was summarized above. Therefore the corner post results will not be discussed further. Howevef', the comer post model was rerun with a higher initial impact speed to get results at greater crush distances.
'
SOA Dynamic Collision Post Model
The results from the collision post loading are that prior to complete failure of the connection with the buffedend beam the collision post deforms 11.5 inches. There is still residual capacity of the structure due to the degree to which it is integrated with the rest of the end frame. The bulkhead sheet continues to shed load to the comer post and into the buffdend beam. The calculation was stopped after 12 inches of crush, which was the maximum allowed crush distance. Figure 15 depicts the deformation sequence for the collision post loading condition of the prototype SOA end frame design.
Comparisons of the force cmsh characteristics for both prototype SOA end frame design collision and comer posts are shown in Figure 16 . The force crush characteristics were determined by crossplotting the longitudinal displacement after initial contact of the steel coil against the acceleration multiplied by the mass of the steel coil. The shape of the two curves is very similar for the 12 inches of crush shown. However, the collision post characteristic is elevated in comparison with the comer post. This is due to two important factors: the collision post is larger than the comer post and the anti-telescoping plate connection to the adjacent collision post helps to distribute significant load into the rest of the end frame. The blue diamond figure on the plot demarcates the location where faiiure of the shelfllateral member experiences complete failure. The two octagon figures on the plot demarcate the crush distance at which failure at rhe connection with the buffdend beam initiates.
. As is apparent from both the deformation sequences shown in Figures 13 and 15 . The collision post is 7.75 inches deep while the comer post is 6.625 inches deep. The displacement of full failure of the either post respectively at the connection with the bufferlend beam is 11.5 inches and 1 1 . 1 inches respectively. These distances are the reported distance the steel coil displaces inward after initial contact with the end fiame. 
M7 Dynamic Collision Post Model
The results from the M7 cab car collision post analysis is that complete failure of the connection of the collision post with the end sill does not occur until 13.1 inches of deformation. Similar to the SOA design there is some additional capacity due to the presence d t h e bulkhead sheet and the connection through the anti-telescoping plate. The results are only plotted out to 12 inches of crush, which corresponds to the allowabte degree of inward deformation to maintain occupied volume. The deformation sequence for this analysis case is shown in Figure 17 . The three stages shown are initial impact, 4 inches of crush, and 10 inches of crush. The red arrow demarcates where the coil is initially impacted. The deformation pattern is similar as that predicted and observed from the quasi-static tests. The position of greatest inward deformation occurs at roughly 42 inches above the end sill where the shear reinforcement ends. Additionally the shelf/lateral member connection faiIed. There is a similar lateral torsional deformation of the anti-telescoping plate as well.
End Frame Under the Dynamic Offset Collision Post Loading
Prior to showing the force crush characteristic for the M7 collision post loading it is helpful to first describe the results from the comer post loading condition. The performance of the comer post is better than that observed for the SOA comer post design due to the presence of the support provided by the wall sheathing and longitudinal stiffeners. The M7 comer post experiences 1 1.9 inches o f inward defamation at complete failure at the bottom of the post just above the end sill. The deformation sequence for this analysis case is shown in Figure   18 . The three stages shown are initial impact, 4 inches of crush, and 10 inches of crush. The red arrow demarcates where the coil is initially impacted. 
DISCUSSION
Both designs make use of a box beam for the bufferiend beam on the SOA design and end sill on the M7 design. The M-7 end sill is somewhat tapered for. curving allowances. The M7 collision post is larger than the SOA collision post, The 104 difference in depths is 10 inches versus 7.75 inches and in width is 6.0 inches versus 7.25 inches. Note that the narrower M7 collision post design allows for optimum driver visibility through the windshield and to meet ADA requirements. The corner posts are also different in that the M7 design has a shaped variable cross-section post while the SOA design is a simple box beam. The collision and comer posts from both designs penetrate through both flanges of the respective bufferiend beam or end sill. This is an important similarity in that this type of connection through a box beam exhibits excellent resistance to both bending and torsional loads. Both designs have an intermediate shelf/lateral member of similar strength just below the forward facing windows. In addition both designs make use of a bulkhead sheet that is integrally tied to the bufferiend beam, the collision post, the comer post, and the shelfllateral member. This bulkhead sheet is present to help prevent intrusion of foreign objects and serves as a spall shield. The M7 corner post is reinforced with the outer wall sheathing and longitudinal wall stiffeners from the end sill to the cant rail whereas the SOA design is without such lateral reinforcement. This has a significant effect on the performance of the M7 design. The lateral support that the wall provides enhances the crush resistance of the corner post as visible in the later stages ofcrush in Figure 19 .
Another significant difference between the two designs is the shape of the anti-telescoping plate. The M7 design antitelescoping plate is an open section while the SOA's is a closed internally reinforced box beam. The box beam is very efficient in resisting torsional and bending loads while the 'open section is less efficient but allows for equipment installation in that area. Finally, the last key difference between the two designs is the size and shape of the cantiroof rail. The M7 has an enclosed box beam through which the corner post is attached at the bottom of the anti-telescoping plate to resist special loads such as diagonal jacking while the SOA design has a very light open section that connects to the rear web of the antitelescoping plate.
Despite these design differences, both designs provide improved crashworthiness protection for the operator under the described collision scenario. The simulated crashworthiness performance of the collision posts of the SOA and M7 designs were found to be essentially the same, and the performance of the M7 corner post design was found to perform better than the SOA comer post design. This difference in performance comes from the sidewall support in the M7 design, which is not present in the SOA design. The designs are capable of gracefully deforming in the post-buckling regime. This mode of deformation with subsequent failure helps assure that in the event of a collision with an object that is fouling a cab car iti the push-mode of operation the operator is protected From bulk crushing.
Both designs were developed to be compliant with applicable FRA regulations [I] and APTA standards [2] . Both designs provide improved crashworthiness protection over older designs compliant with minimum FRA requirements. Preliminary observations are: the graceful crush of cab car end frames can be objectively measured by large-deformation quasi-' . static testing and by large-deformation dynamic testing, however further quasi-static and dynamic tests are necessary to validate quasi-static and dynamic analyses,
APPENDIX -MODEL DESCRlPTlONS
Two detailed finite element models were developed to investigate both the quasi-static large deformation behavior and dynamic behavior. of the prototype SOA end fbme design retrofitted onto a Budd Pioneer passenger car and an M7 cab car end frame design. The SOA model incorporated the first twenty feet of the car structure. The M7 model incorporated the fxst fifteen feet of the car. The cars were modeled using 4 node reduced integration shell elements in ABAQUS EXPLICIT [16] . The characteristic element length in the coarse regions of the two models was approximately 2 inches while in the fine regions it was approximately between 0.25 and 0.5 inches. The SOA model was constructed from 160,005 elements while the M7 model used 123,470 elements. Both models were fully fixed at the rear of the structure. Nonstructural components were not included in these models. Figure 20 depicts the two models developed. Stresses, strains, and displacements of key components were outputted.
The steel coil was modeled as a rigid object using rigid shell elements. The rigid coil was constructed fiom 17, 940 elements. The diameter of the steel coil is 62.5 inches and the length of the coil is 52 inches. The coil was assigned a weight of 41,300 lbf The coil is assigned a longitudinal velocity and is then free to translate and rotate freely during the simulated impact. The three dimensional accelerations, velocities and displacements were outputted. 
End Frame Designs
The appropriate choice of material models is extremely important in obtaining accurate results. An elastic-plastic material constitutive model was used with kinematic hardening for all metal materials in the two models. There were three key materials used for the SOA model and three used for the M7 model. The advantage with the SOA model is that tensile coupon testing was conducted on two of the materials after previous full-scale.tests and so actual material properties were available. The material used to make up the most of the end frame components was an A710 class 3 steel. Material certification sheets were provided for the various thickness steel sheets used. The model of the M7 car used only the nominal properties as a start. The model predicted much closer results with the quasi-static tests when the end frame material was enhanced by ten percent.
Currently material failure is modeled in many finitselement analysis packages using a simple strain-to-failure criterion.
When the total strain on an element reaches an input value, that element is removed from the mesh. This approach works well when the principal cause of material failure is tension and the extent of material failure is limited. Limitations of the current approach to modeling material failure include the fact that materials fail at different strains in tension than in compression, than in shear 1171 and the fact that once material failure has initiated, lower strain is needed to propagate the failure [18].
Sophisticated application of current fmiteelement analysis packages allow these limitations to be overcome to some degree. By first running the model without material failure, the areas of high strain and potential material failure can be found. The model then can be run again with the parameters associated with matenal failure adjusted to account for the stress state of the high-strain areas. If the three-dimensional stress state of two or more high-strain areas substantially differ-for example, one in tension and one in compression -then the model can be sub-structured and different material-failure parameters applied to each substructure. An effort is currently underway to better understand material failure under a wide-range of strain states and to develop algorithms that more accurately predict material
The definition of alternative failure strains was applied for both models.
Areas subjected to severe compressive deformations were assigned a failure strain equal to 0.5. The SOA model applied a failure strain of 0.3 at the connections of both the bufferiend beam and at the anti-telescoping plate. At the point of load application the 0.5 failure strain was used. The failure strain chosen was based upon the results from preand post-test analyses conducted in [I 3,151. Excellent agreement was obtained with the locations where material failure was observed and predicted. A lower strain to failure value was used for the M7 model, 0.225. This value was also chosen to obtain good agreement between the predicted and observed locations of material failure on from the quasi-static testing.
